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Urinarytrichloroacetic acid cetion rates were corelated with ingstion eposue and that cor- Exposures to compounds in residential drinking water occur through multiple routes and vary across the population because of differences in the amount and ways people use water. (1) . Chlorination produces many compounds containing chlorine and/or bromine, some of which have been shown to be carcinogenic, mutagenic, and/or teratogenic in animal studies (2) (3) (4) (5) (6) . The two most abundant dasses of DBPs that result from chlorination of drinking water are trihalomethanes (THMs) and haloacetic acids (HAAs) (7) . (10, 14) . The exposure estimates used in some of the aforementioned studies have taken the simplistic approach of assigning exposure based on whether the area in which an individual lived received chlorinated water or not. Other studies have followed a somewhat more elaborate approach of assigning exposure estimates based on the amount of chlorine used by the treatment plant or the concentration of TTHMs measured at different treatment plants in the study area during specified time periods. Misclassifications of exposures exist in these studies, reducing precision and reliability of the findings. More recently questionnaire data have been used to determine water use patterns and combined with historic water concentrations to estimate exposures to DBPs (15-1,9. TTHM concentration measured once a quarter or the amount of chlorine added to the water at the treatment plant is an inaccurate assessment of exposure because the DBP concentrations in the water delivered to a home change spatially and temporally in a nonuniform fashion in the distribution system (20, 21) . The concentrations of individual DBPs produced during chlorination, while related to the amount of chlorine added and the amount of organic matter in the source water, can vary greatly depending upon the particular conditions at the treatment plant (22, 23 Background breath samples. To determine the background breath levels, alveolar breath samples were collected at the time of the visit using a portable system that composites exhaled breath over several minutes (31, 32) . Carboxen 569 was used as the adsorbent, and the sample was collected for 2 min at a flow rate of 1.5 l/min. The samples were analyzed for THMs by thermal desorption coupled to GC/MS.
Urine samples. Entire urine voids were collected in 500-ml polycarbonate or linear high-density polyethylene containers and stored in a refrigerator (4°C) until extraction, within 48 hr of collection. TCAA concentrations were constant, but DCAA concentrations decreased by 16% in 48 hr based on a single laboratory test. No correction for losses during storage was applied to the data. The volume of each urine sample was measured in the laboratory. The DCAA and TCAA concentrations were determined on 5-ml urine samples by extraction with ethyl ether and derivatization with 10% sulfuric acid in methanol, followed by GC/electron capture detector (ECD) (33) . To correct for variations in the volume of urine excreted, creatinine was also analyzed in the urine using a calorimetric method based on its reaction with sodium picrate and absorption at 530 nm (34, 35) .
The entire first morning urine void was collected from each individual. The total amount (nanograms) of TCAA and DCAA excreted in a urine void was calculated by multiplying their concentrations in the urine by the volume of the urine void. The excretion rate was then calculated by dividing the total amount of TCAA or DCAA in the urine void by the time interval between the first morning urine void and the previous urination.
Water samples. Duplicate water samples were collected into clean 40-ml glass vials without any headspace from the cold water kitchen faucet, after allowing the water to run for approximately 1 min. The vials were immediately sealed with Teflon-faced (DuPont) septa screw top closures. The water samples were stored in a cooler with blue ice packs immediately after collection. In homes where a water filter system was installed on the kitchen faucet, water samples were taken from the bathroom if a filter system was not installed there. Chlorine residual was not quenched, but rather the samples were extracted within 24 hr, a time period during which controlled studies showed that no changes in the DBP concentrations occurred in water stored at 4°C.
THMs were analyzed on 5 or 10 ml of water by purge and trap using 0.6 g of Carboxen 569 in the adsorbent trap and Volume 107, Number 2, February 1999 * Environmental Health Perspectives helium flowing at 40 ml/min for 20 min as the purge gas (36) . The adsorbent trap was analyzed by thermal desorption coupled to GC/MS. Aliquots of the water (5 ml) were analyzed for DCAA and TCAA using liquid-liquid extraction into methyl tert-butyl ether followed by derivatization by 10% sulfuric acid in methanol. The extract was analyzed by GC/ECD (33) .
Air samples. A 15-min indoor air sample was collected onto an adsorbent trap containing 0.6 g Carboxen 569 attached to a portable constant flow pump set at a flow rate of 1.0 l/min. No breakthrough of any of the THMs was found for these conditions. The air sample was analyzed for the four THMs using thermal desorption coupled to GC/MS.
Questionnaire. Each subject answered a 48-hr recall questionnaire during the home visit. Questions related to water use included whether a water filter system was used in the home; types and amounts of liquids consumed during the previous 48 hr; water use for cooking; frequency and duration of showers or baths; and frequency and duration of swimming or staying in a pool area. Questions related to the subjects' activities included amount of time the subject worked outside the home and activities that might contribute to the body burden of biomarkers measured, such as visits to locations that use chlorinated solvents that are metabolized to DCAA or TCAA.
Specific information was gathered about the types (tap water, bottled water, hot tea, soup, fruit drinks from frozen concentrate or powder, iced tea, iced coffee) and amounts (small, medium, large servings and consumption frequency) of liquids. The liquids were classified as either hot or cold liquids. Hot liquids included hot coffee, hot tea, and soup prepared with tap water. Cold liquids induded tap water, fruit juices or drinks from frozen concentrate, fruit drinks from powder, iced tea, and iced coffee. Iced tea and iced coffee can be prepared using either hot water or cold water, and in both cases, ice is added, which can be considered a cold water contribution. Only five subjects consumed either iced tea or iced coffee, thus any error introduced by the above assumption is expected to be small.
To assess the thermal stability of DCAA and TCAA in hot beverages, we assumed that water is usually boiled for 5 min when preparing hot drinks such as coffee, tea, or soup. To simulate this procedure, 500 ml of water was boiled in a 1- liter Erlenmeyer flask on a hot plate for 5 min. The concentrations of DCAA and TCAA in the water were determined before and after the 5-mmn boiling, and the final volume of water was also measured. This procedure was repeated four times, and average correction factors were calculated to estimate DCAA and TCAA ingestion exposures for hot liquids.
Quality control and quality assurance of the samples. The state of each instrument used was checked daily before use. The response of the instrument was verified to be within preestablished criteria. The calibration curves were prepared using external standards and checked daily using a solution containing a known quantity of the target compounds. The acceptance criteria for calculated concentrations of the known solution were ± 20%. When the criteria were not met, a new calibration of the instrument was prepared for each chemical. We maintained quality control charts of the instruments' responses. Blank adsorbent traps were transported and analyzed along with the sample traps on all field collection days. Duplicate samples were collected and analyzed from 10% of the homes. Calibration of sampling pumps was done before and after each use. Water and urine samples were extracted within 24 and 48 hr, respectively, with cold transport and storage. An internal standard, 2-bromopropionic acid, was used to check the efficiency of HAA extraction from water and urine samples.
Statistical analyses. Statistical differences between the low and, high exposure groups were tested using the nonparametric Mann-Whitney test since the data were not normally distributed. Correlation analyses and linear regression analyses were conducted to examine the association between the biomarker levels (breath and urine concentrations) and both the water concentration and calculated exposure. For the above statistical procedures, p.0.05 was set as the criterion for the significance of a test.
Results and Discussion
Water concentration. The water concentrations measured for the THMs and for TCAA and DCAA indicated that households with a range of concentrations were obtained ( Table 1 ). The concentrations of monochloroacetic acid, mixed chlorobromoacetic acids, and bromoacetic acids were uniformly low in almost all of the samples and so were not included in the exposure analysis. The water concentration distribution was bimodal, with approximately equal numbers of homes having TTHM and HAA water concentration above and below 10 pg/I. This distribution was the result of the selection criteria for choosing an equal number of homes at the extremes of the TTHM concentrations measured previously. The distribution of water concentrations, while not being representative of homes in New Jersey, provided a realistic range of environmental concentrations to determine whether a DBP exposure/biomarker relationship exists and whether water concentration approximates exposure.
THMs exposures and biomarkers. The majority of the background exhaled breath concentrations for each of the four THMs were below the study's detection limit of 1 pg/m3. These breath concentrations are lower than previously reported in New Jersey during the TEAM study, which had a median value of 3.5 pg/m3 obtained from 49 samples collected from nine subjects (37) . One possible explanation for the difference between the two studies is the higher water concentrations of THMs measured during the TEAM study, which reported a median chloroform value of 128 pg/l and a range of 11-225 pg/I, while in the current study, only 4 of the 49 values exceeded 120 pg/l. This decrease in TTHM water concentration reflects the New Jersey water purveyors' efforts to comply with the current standard and their general efforts to reduce the contaminant levels in the water that they provide to the public. In the present study, only nine exhaled breath samples were above the detection limit for chloroform. Fewer breath samples had detectable levels of the other THMs (four for BDCM, one for CDBM, and one for CHBr3). While six of the nine chloroform breath samples above the detection limit were part of the high water concentration group, the values were between 1 and 3 pg/m3, except for a single breath concentration of 12 pg/m3, which (27, 31) .
To assess whether inhalation exposure from the indoor air was potentially occurring in the homes, air samples were collected during the time of the home visit. The sample duration was only 15 min, so it does not represent a continuous exposure estimate as was collected during the TEAM study, but it can provide some information on the background air concentrations within the homes. Twenty-five valid air samples were collected in the low water concentration group and 23 in the high water concentration group. The mean air concentrations for each of the THMs were higher in the high water concentration group than the low, but only statistically so for CHCI3 ( water being the source of these compounds to the indoor air.
To further evaluate the water and breath concentration relationships, each subject was asked to collect a breath sample after showering. Valid samples were obtained from 33 subjects. However, the subjects' interpretations of exactly when to collect the sample varied from immediately after the shower to 20 min later. The time delay between the exposure (shower) and when the breath sample was collected is an important determinant of the breath concentration because THM breath concentrations decline exponentially after an exposure ceases (31) . Each subject was therefore assigned into one of three groups depending upon when they indicated that they collected the breath samples in a follow-up questionnaire: 1) immediately (within 5 min after showering); 2) 5-20 min (after drying off and before leaving the bathroom); and 3) >20 min (after leaving the bathroom). Thirteen samples were assigned to Group A, 14 to Group B, and 6 to Group C. However, each of these groups still contained a broad range of lag times during which the breath concentration would change significantly, thus weakening the expected association.
For the three groups, the breath concentrations collected after the showers were compared to both the water concentration and an estimate of the exposure, calculated as the product of the duration of a shower from the questionnaire and the water concentration of each THM (Table 3) .
Chloroform and BDCM, the two most abundant THMs in the water, were significantly correlated for breath and water concentrations and for breath concentration and exposure for Groups A and B (Table  4 ). Significant correlations for CDBM and While neither the DCAA first morning urinary excretion rates nor the DCAA creatinine-normalized concentrations were significantly different between the two groups, the TCAA urinary excretion rates and creatininenormalized concentrations were (Table 5) . To establish the validity of urinary TCAA as a biomarker of exposure, we examined the correlation coefficient between the water concentration, as a surrogate for exposure, and the urinary excretion rate and the creatinine-normalized concentration. No significant correlation between the water concentrations and either the urinary excretion rate or creatinine-normalized concentration of DCAA and TCAA were identified, indicating no dose-response relationship. Two possible explanations for the lack of a statistically meaningful correlation coefficient are that either TCAA and DCAA urinary excretions are not valid biomarkers of DBP exposure from drinking water or the water concentration is not a good measure of exposure.
To evaluate which explanation is correct, we calculated exposure estimates of DCAA and TCAA for the participants. We assumed that ingestion exposure was the primary exposure route because HAAs are nonvolatile and have minimum inhalation exposure. HAAs also have low skin permeability and minimal dermal absorption (33) . We calculated the ingestion exposure from the measured residential DCAA and TCAA drinking water concentrations and the quantity of beverages prepared from water ingested by the participants during the previous 48 hr, as reported in a recall questionnaire administered at the time of the home visits. Some of the beverages consumed were prepared after boiling the water. Kim (38) determined that boiling water did not change the DCAA concentration significantly, after adjusting for the change in water volume due to evaporation, but the TCAA concentrations decreased by an average of 39%. Therefore, the water TCAA concentrations in hot liquids were adjusted by multiplying the original drinking water concentration by 0.61. Some of the homes also had filters on their kitchen taps. An average removal efficiency of 70% for DCAA and TCAA was calculated using paired water samples from six homes (38) .
The DCAA and TCAA ingestion exposures for each subject were then calculated using the following equations: where EXP = ingestion exposure, WaterConc = cold water concentration measured at home, VolCold = total volume of cold liquids ingested, and VolHot = total volume of hot liquids ingested.
We evaluated the strengths of the relationships between the ingestion exposure and urinary excretion using linear regression analysis, with urinary excretion rate as the dependent variable and the exposure as the independent variable. The TCAA urinary excretion rate was statistically related to the ingestion exposure with an adjusted r2 of 0.532 (p<0.0001) (Fig. 1) . Because the selection criteria resulted in the data not being normally distributed, which could result in a few high values causing an anomalously high r2 value, the regression analysis was repeated without the eight (20%) highest water concentration homes. The relationship was still statistically significant, although with a lower adjusted 2 of 0.312 (p<0.0001). The DCAA urinary excretion rate was not linearly related to the exposure, with an adjusted r2 of -0.00545 (p = 0.4) (Fig. 2) .
A factor that could lead to incorrect exposures being calculated for some subjects was that some subjects consumed beverages prepared with water obtained outside their homes, which had an unknown TCAA concentration. To determine whether this reduced the strength of the relationship observed between exposure and the biomarker, the regression analysis was also performed for the subset of 25 subjects who did not work outside homes during the 48 hr prior to sample collection. The linear regression between TCAA urinary excretion rate and ingestion exposure for this subgroup was stronger than for the entire cohort (adjusted r2= 0.655; p = <0.0001; Fig. 3 ) and excluding the homes with the five (20%) highest water concentrations did not reduce the strength of the association (adjusted r2= 0.721; p<0.0.0001). The relationship between urinary excretion rate and exposure for DCAA was also examined for CA hpoll exom nr 4U hr (gg) Figure 1 . A scatter plot showing significant correlation between trichloroacetic acid (TCAA) ingestion exposure and the TCAA urinary excretion rate for the first morning urine samples from all subjects from which a first morning urine sample was obtained (n= 42)A this subgroup of the study population, and again no statistically significant relationship was identified (adjusted r2= -0.01; p = 0.4; Fig. 4 ) Thus, the urinary TCAA excretion rate demonstrates a dose-response relationship with exposure and therefore appears to be a valid biomarker of TCAA ingestion exposure from chlorinated water during routine household use over a 48-hr time period, whereas urinary DCAA does not. The probable reason urinary DCAA is not correlated with its exposure is its short biological residence time (<2 hr) compared to the time interval between urinations and the use of a 48-hr time frame to calculate the ingestion exposure (39) .
The lack of an association between DCAA exposure and its proposed biomarker has an underlying premise similar to that of the weak association observed between the background THM breath levels and exposure. The biological residence times of THMs are also short (minutes to hours) due to their rapid metabolization, whether ingested or via inhalation/dermal exposure during showering, and the time interval between exposures from those routes were hours (ingestion) to a day (showering). The continuous inhalation exposure from breathing indoor air is smaller than the other exposure routes. In contrast to the background breath concentrations, a true association was identified between postshower breath concentrations and exposure, when the lag time for the breath sample collection was included. This documents that, for biomarkers of compounds with biological residence times significantly shorter than the time period between exposure and collection, it is critical to account for changes in .DCAA water coucmtaion (1tg/I) Figure 6 . A scatter plot showing no significant correlation between the dichioroacetic acid (DCAA) water concentration and the DCAA urinary excretion rate for the first morning urine samples from subjects who only ingested water at home (n = 25).
narrow age range. The variability in the duration of showering within the population is larger than in the current study. 
